We investigate new aspects related to the abelian gauge-Higgs model with the addition of the CarrollField-Jackiw term. We focus on one-loop quantum corrections to the photon and Higgs sectors due to spontaneous breaking of gauge symmetry and show that new finite and definite Lorentz-breaking terms are induced. Specifically in the gauge sector, a CPT-even aether term is induced. Besides, aspects of the one-loop renormalization of the background vector dependent terms are discussed.
The paper is organized as follows: in section II we present the model and its Feynman rules, section III is dedicated to the one-loop renormalization of the background vector dependent terms, we calculate the finite radiatively induced terms in section IV and, finally, the concluding comments are presented in section V.
II. THE MODEL
Let us first review the abelian gauge-Higgs model, defined by the classical lagrangian density
where λ and µ 2 are positive constants, the covariant derivative is defined by D µ φ = ∂ µ φ + ieA µ φ and F µν = ∂ µ A ν − ∂ ν A µ is the electromagnetic field strength tensor. The lagrangian is invariant under local U (1) gauge transformations and the complex scalar field φ develops a vacuum expectation value
(with v constant), since U (1) symmetry is spontaneously broken. The quantum field theory obtained from (1) is renormalizable to all orders of perturbation theory [54] .
Rewriting the lagrangian (1) in terms of real scalar fields ρ and ϕ, such that φ = 2
where
2 and the ghost contributions L ghost , which couple the Higgs boson ρ to the Fadeev-Popov ghost field c.
Since φ 0 = 0, the vacuum expectation value ρ 0 of the field ρ should vanish at the classical level, that is, δm 2 = 0. This gives the ρ field a mass m ρ , whereas the ϕ 2 term has a gauge dependent mass m ϕ . It is well known that in the quantum theory the field ϕ is the Goldstone boson. Actually, we can fix δm 2 as a counterterm to each order of perturbation theory using the normalization condition
at some renormalization scale. Now we turn to the model that we will consider in the following:
The last term in the above lagrangian is the Lorentz-violating CPT-odd Carroll-Field-Jackiw (CFJ) term, which will be treated here as a perturbation and has the Feynman rule
The other relevant vertices defined from (2) are shown in the appendix. The propagators of the fields are given by:
• Photon propagator:
• Higgs propagator:
• Goldstone propagator:
• Ghost propagator:
We are going to show explicitly in the next section that the one-loop divergences that arise from the CFJ perturbation are renormalized by the counterterm δm 2 .
III. ONE-LOOP RENORMALIZATION
We will restrict our attention throughout this paper to one loop order in perturbation theory. As we said before, the renormalization of the model (4) in the limit (k AF ) µ → 0 is well known. Hence in this section we will concentrate on quantum effects which arise from the CFJ term. In other words, we will concentrate in diagrams with insertions of the (AA) vertex (5) .
In addition to the AA vertex, the lagrangian (4) has other four super-renormalizable vertices: AAρ, ρ 3 ,ccρ and ρϕ 2 . Thus the superficial degree of divergence
where n is the number of external lines of G and, in parentheses, we have the sum of the number of super-renormalizable vertices. From (6), we can see that diagrams that have n = 4 and at least one super-renomalizable vertex are finite; the same is true with n = 3 and at least two super-renomalizable vertices. Actually, the one loop diagrams in figures 1-5 have AA vertices and d(G) ≥ 0. We will show in this section that the normalization condition (3) -which determines the counterterm δm 2 -is sufficient to renormalize the model at one loop.
We start our analysis with the ρ field one-point function. The divergent diagrams (proportional to powers of (k AF ) µ ) are depicted in figure 1 (in the following figures, external lines are amputated).
The expression of the diagram proportional to (k AF ) µ is null. After using Feynman rules in an arbitrary gauge and Dimensional Reduction [55] (only the integrals are calculated in d = 4 − ε dimensions), the second diagram in figure 1 gives the divergent term Thus, to obey the renormalization condition (3) the divergent piece of δm 2 must be chosen as
We proceed next to the two-point functions. The gauge field propagator receives no divergent contribution (at one-loop) from the AA vertex, as we discuss in the next section. Figures 2 and 3 show the superficially divergent (k AF ) µ contributions to the Higgs and Goldstone propagators, respectively. Terms with p α p β ǫ µναβ appear in the expressions of diagrams 2(a)-(d), 3(a) and 3(b) and then they are equal to zero. The divergent pieces of diagrams 2(e) and 3(c) are
and
Besides the one and two-point functions considered above, we must also evaluate the vertex function shown in figure 4 , because it has n = 3 and equation (6) individually null. Therefore, no vertex function has divergences proportional to powers of the parameter (k AF ) µ at one-loop order.
Lastly, the mixing two-point function < ϕA µ > has also logarithmic divergences. The (k AF ) µ divergent contribution to it is given by the diagram of figure 5. Once more, it can be shown that the divergent piece of this diagram is null.
FIG. 5: Mixing propagator divergent diagram.
Thus, as we can see in the lagrangian density (2), the choice (8) is sufficient to remove the divergences (9) and (10) rendering a one-loop finite theory.
IV. FINITE QUANTUM CORRECTIONS TO GAUGE AND HIGGS SECTORS
We perform first the calculations of the one-loop corrections to the gauge self-energy. In addition to the usual gauge-Higgs diagram in figure 6 , which arise from the spontaneous gauge symmetry breaking, we have new diagrams with insertions of AA vertex in the internal gauge propagator. So we can obtain a perturbative series on (k AF ) µ , from which we will consider up to the second order in this parameterfigure 7. The amplitude corresponding to the diagrams of figures 6 and 7 is given by
where 
Π
(1)
We have defined above the expressions
Let us then analyze these three terms. The first one is the Proca-type correction which occur even in the usual gauge-Higgs model. The second one, Π (1) µν , will give a finite correction to the CFJ term. The most interesting term is Π (2) µν . Analyzing the structures present on (14), we see that the first term on brackets violates gauge and Lorentz symmetries and the piece (k AF ) 2 p µ p ν − g µν p 2 is a correction to the Maxwell term with dependence on the Lorentz-violating parameter (k AF ) µ . The part on L µν is a CPT-even Lorentz breaking contribution. The induced term in the Lagrange density has the following aether-like form [36] :
with
Aρ
. This term can be mapped in the CPT-even term proposed in [4] ,
as long as we establish the relation We now consider the background vector dependent quantum corrections to the Higgs field propagator. Figures 2 and 8 give contributions up to second order in (k AF ) µ .
As already mentioned in section III, diagrams 2(a)-(d) vanish. Summing up the diagrams depicted in figures 2(e) and 8, we have
where γ is the Euler-Mascheroni constant and Λ is an energy scale.
The first term in brackets is the divergent piece appearing in section III plus some constants, the second is a mass correction and the last one can be mapped in
introduced in [4] , provided that
A comment is in order. We have shown that, at second order in the Lorentz-violating parameter (k AF ) µ , finite and well defined CPT-even terms are induced both in the photon and the Higgs sectors. These inductions are consequences of the spontaneous breaking of local U (1) symmetry, which produces the ρAA vertex. This is an interesting theoretical result, although the magnitude of the background vector (k AF ) has been constrained to the level of 10 −42 , as can be found in [1] . Concerning this small magnitude of the Lorentz-breaking parameter, it is worth to mention that, although | (k AF ) e 4 | > | (k AF ) 2 e 2 |, which would imply that two-loop contributions should be considered, these e 4 linear terms in the background vector would not contribute to the CPT-even part.
Last but not least, particularly intriguing is the induction of a gauge-breaking term in the Lorentzviolating sector of the model. A question which arises for a further investigation is whether this term (and the other radiatively induced terms) would be canceled out if the finite part of the one-loop shift in the Higgs field is carried out.
V. CONCLUDING COMMENTS
We have studied some aspects of quantum corrections of the four-dimensional abelian Lorentz-violating CFJ-Higgs model. The new divergences due the presence of the CFJ term were shown to be worked out by the renormalization condition which requires the vacuum expectation value of the Higgs field remains null. We have also analyzed what kind of effects are induced at the quantum level by spontaneous gauge symmetry breaking due the presence of the Chern-Simons-like term. It was shown that, at second order in the background vector, it is induced an aether-like CPT-even Lorentz breaking term in the pure gauge sector. This term is finite and free from ambiguities. A finite and determined CPT-even term is also induced in the pure Higgs sector.
It is worth to comment on the induction of a finite gauge and Lorentz breaking term in the photon sector. It is possible that, after considering the finite part of the one-loop shift in the Higgs field, this term would be canceled out. A further investigation would be interesting in order to check this and also whether the other radiatively induced terms could be canceled out in this process.
